The tribological properties of complex polymeric materials, which include epoxy and polyester resins, two hardeners and two microdispersed fillers: mica-muscovite, copper (II) oxide, were investigated in the work. The results of the testing of specimens at dry friction and in the lubricant were analyzed. It is proved, that the antifriction properties of the composite depend on its composition, formation technology and testing conditions. It has been experimentally determined, that the material which was tested in the lubricating environment -I m = 0.25-0.30 mg/km, f = 0.03-0.04, differs with the improved indexes of wear rate and friction coefficient. As a result of the analysis of investigated microsurfaces studied by optical and electron microscopy, the phase heterogeneity of the composite material system was identified. It contributes to the reduction of the running-in distance of the specimen, and indicates the uniform distribution of the filler particles on the surface, has been found. The elemental composition of the compound was determined, which indicates the direct involvement of fillers in the process of friction. A change in the ratio of atoms on the specimen surface before and after the test was found. The results of the study of the surface in the phase contrast mode correlate with the results of the data obtained by electron microscopy.
Introduction
The modern shipbuilding industry is one of the largest consumers of synthetic polymeric materials. Areas of their application are diverse, and prospects of use cover a wide range [1] [2] [3] [4] . Polymers are used to make ship hulls and body structures, to create details of ship mechanisms, instruments and equipment, to protect metal from corrosion, decoration of premises, their heat, sound and vibration isolation, and others. Due to the use of such materials, the technical and operational characteristics of marine transport equipment are significantly improved, their reliability and durability are increased, and the length and complexity of construction is reduced. It should be noted that polymer composite materials (PCM) have been used in the manufacture of important shipbuilding components, operated under conditions of aggressive environments, high temperature fluctuations, and tropical humidity. One of examples is manufacturing of stern tube bearing shells from polymer [5] . At the same time, it is important today to find ways to reduce the wear of friction units of machines of existing structures. The priority is the creation of parts and mechanisms that differ in wear resistance, the ability to work at high specific pressure, high speeds and temperatures [6] . This is an important aspect of the further development of sea and river transport. The replacing of existing designs with PCMs is technically and economically feasible, as the composite material (CM), unlike metal or other parts, is characterized by low cost and high performance. The reliability of parts and mechanisms increases in the application of CM, which primarily affects their trouble-free operation. This also reduces the need for maintenance and increases the inter-repair period, which is important for the operation of transport vehicles. Therefore, the development and application of polymer composite materials of tribotechnical purposes on the marine and river transport, which differ with high reliability, durability and ability to control properties, is the actual task of the modern transport industry.
Today, the high level of dynamic loads at the friction units of marine and river transport and the need of their work for a long time without special service lead to the replacement of traditional materials with polymers [7] [8] [9] . Epoxy and polyester resins are one of the common components used to form PCM. The material formed on the basis of these binders is distinguished by improved physical and mechanical, thermophysical properties, as well as the simplicity of the formation and relative cheapness. [17] studied the properties of polymeric materials on the basis of unsaturated polyester resins of various natures. The scientists in their works highlighted the advantages and disadvantages of using these binders for the production of polymeric CM. However, it should be mentioned that the study of a matrix containing both epoxy and polyester resin in the same binder is absent. It has been found out that the combination of these components makes it possible to develop composite material with predetermined improved performance. At the same time, it is known [18] that improvement of the antifriction properties of CM occurs by adding dispersed fillers to their composition during the formation. The development of filled polymeric composites provides high indexes of tribological properties of friction units and increases their lifetime. Among these, it is important to investigate surfaces of specimens after the test during the development of CM with improved antifriction properties. This allows us to detect physical and chemical phenomena and processes in the field of contact of bodies during the friction, which directly affect the indices of characteristics of the investigated composite [19, 20] . Obtaining the results of the study of the surfaces of friction and analyzing of the received data will enable the formation of composite materials with predetermined properties and improved performance. In turn, it will provide the uninterrupted run of parts and mechanisms of marine transport for a long period of operation.
Materials and methods
The previously developed matrix, which contains the following components, was used in the work for the investigation of tribological properties:
1. Epoxy resin ED-20 (q = 100 pts.wt.). 2. Ortho-phthalic dicyclopentadiene unsaturated pre-accelerated polyester resin ENYDYNE H 68372 TAE -q = 10 pts.wt. (the content is indicated on 100 weight parts of epoxy resin), which has an inhibitor to prevent instant polymerization (gel time t = 20-24 min). It should be noted, that during the copolymerization reaction of the composition of unsaturated polyesters with non-limiting monomer compounds in the presence of initiators a significant amount of heat is released; therefore, the reaction is exothermic. 3. The cold curing hardener polyethylene polyamine (TU 6-05-241-202-78) -q = 10 pts.wt. (the content is indicated on 100 weight parts of epoxy resin). 4. The initiator for polyester resins Butanox-M50 -q = 1.5 pts.wt. (the content is indicated on 100 weight parts of polyester resin), which is a peroxide of methyl ethyl ketone and contains a low amount of water and a minimum amount of polar compounds in comparison with ethylene glycol.
The tribological properties of developed epoxy CM with increased physical and mechanical properties were investigated in this work. The composites were formed on the basis of a matrix, which contained a two-component bidispersion filler of the following composition.
The Copper oxide (copper (II) oxide) is a binary inorganic compound with the chemical formula CuO, amphoteric oxide of divalent cuprum with particle size d = 8-10 μm.
The tribological properties of the materials were investigated on the test machine of serial production 2070 SMT-1, according to the block on ring technique and the method of GOST 23.224-86.
The wear rate was determined by Eq. (1):
where ∆m -is the difference in specimen mass before and after friction, mg; ∆L is sliding distance, km. The coefficient of friction was calculated in accordance with GOST 11629-75, by Eq. (2):
where M is the arithmetic mean of the friction moment, H · m; F is a load on the block, H; and r is a radius of a metal counterbody (shoulder), m. The disk (counterbody) was made of steel 45, heattreated to hardness 45-48 NRS and with surface roughness R a = 0.16-0.32 μm.
The study was conducted in dry friction conditions and under influence of lubricant environment at specific load p = 1 MPa and slip velocity υ = 1.0 m / s. The slipping of the specimens during the tests was 10,000 m.
The contact temperature of the investigated specimens was determined using a thermocouple, "chromel-copel", the signal from which was recorded by the measuring apparatus. The thermocouple was placed at a distance of l = 2 mm from the contact area of the specimen with the counterbody.
The test modes were selected according to the conditions of use of the CM.
The reproducibility of the results is ensured by the repeatability of the experiments.
A study of one material, according to predetermined filler content, was conducted using 5 specimens. The verification of the reproducibility of the experiments was obtained by the Cochran test for the statistical processing of the obtained results of the experiment. The verification of the experimental results using the Cochran test for a fixed probability of 95 % confirmed the reproducibility of the experiments. The error of the experiment did not exceed 4-6 %.
The mass of the specimens was determined by weighing with analytical scales, with an accuracy of ± 0.001 g.
The structure of the CM after friction was investigated on a XJL-17AT metallographic microscope, which was equipped with a Levenhuk C310 NG (3.2 MegaPixels) camera. The image enlargement range varied from ×100 to ×1,600 times. Directly in the work, the specimens were examined with an increase of ×100 and ×200 times. For the processing of digital images, Levenhuk ToupView software was used.
The surface of the composites was studied by electron microscopy, using a ZEISS EVO 40XVP scanning electron microscope equipped with an INCA Energy 350 X-ray microanalysis system with a 10-mm lithium detector. This provided a resolution of 133 eV, an impurity detection sensitivity of 0.01 %, and an analysis locality from 1 μm on standard specimens and up to 0.1 μm on films. To ensure a good electrical contact between nonconductive materials and dielectrics, a pellicle of gold was sprayed into several atomic layers on their surfaces.
The materials were solidified according to the following regimen: forming of the specimens and their holding over time t = 12.0 ± 0.1 h at temperature T = 293 ± 2 K, heating at a speed of υ = 3 K/min to temperature T = 393 ± 2 K, keeping the specimens at a given temperature during the time t = 2.0 ± 0.05 h, slowly cooling to a temperature of T = 293 ± 2 K. In order to stabilize the structural processes in the matrix, the specimens were kept in air during time t = 24 h at temperature T = 293 ± 2 K, followed by conduction of the experimental tests.
Results and discussion
All stages of the process of formation and friction of specimens were analyzed in detail to create PCM with predetermined antifriction properties. At the initial stage, the investigations of tribological properties of CM on the basis of a combined epoxy-polyester matrix with two fillers of different dispersion were conducted. The specimens were tested under different conditions: dry friction (without lubrication) and in the lubricating environment. As a result of the experiment, the improvement in the value of the coefficient of friction was seen, which leads to a decrease in energy losses during the test of this material. It has also been determined that under conditions of the CM test in the lubricant environment, the temperature indices in the contact area of the moving joint surfaces were reduced. This suggests that when testing a composite in a lubricant, the pair counterbody-specimen is separated by a layer of liquid material. It reduces the friction between the touching surfaces and carries off the heat from them.
It should be noted that when testing the CM in lubrication, temperature stability was observed in the friction region ( Fig. 1 , curve 4, Table 1 ). The amplitude of the contact temperature values fluctuated within the limits of T = 294-295 K. This can be explained by the formation of a film from the lubricant, which is formed on tangent lines of friction pair and provides shielding for the penetration of heat into the surface layers of the composite.
At the same time, at the initial stage of the study of the tribopair in the lubricant environment, a decrease of the coefficient of friction was observed at the passage of the distance L = 1250-1500 m (Fig. 1, curve 3 ). It is obvious that this is due to a decrease in the surface roughness of the composite during the test at specific pressure p = 1 MPa. In this case, the running-in distance is L = 1500-2000 m, the coefficient of friction is f = 0.03-0.04. It should also be noted that the wear rate of the CM, when tested in the lubricant and dry friction, is significantly different and makes I m = 0.25-0.30 mg/km compared to I m = 4.3-5.3 mg/km, respectively.
In our opinion, mixed friction was observed on the running-in distance 6000-10,000 m. As a result of partial extrusion of lubricants in the places of greatest irregularities the contact of surfaces of friction occurs, resulting the destruction of the boundary film under the dominant display of the boundary and semi-dry modes of lubrication. This leads in places to the direct contact of the solid with a counterbody, which is accompanied by phenomena of adhesion in friction, seizure, scoring on the surface of the CM. These phenomena complicate the process of running-in of the friction pair, as the products of tribodestruction form on the surface of the composite micro particles, which can act as abrasive. An increase in the indices of the tribological properties of the CM, which was tested in the lubricating environment ( Fig. 1, curve 3) at the above indicated interval of the friction distance, is the confirmation.
An analysis of the images and fractograms of the studied surfaces was conducted for the confirmation of the theory of increasing of the friction coefficient indices on the running-in distance L = 6000 -10,000 m as a result of increasing of the surface roughness of the composite material due to the phenomena of adhesion in friction, seizure, scoring. A comparison of the specimen images before (Fig. 2a) and after the test ( Fig. 2b and c) was held at the first stage of the experiment. It should be noted, that the tested specimens were manufactured under the same technological conditions and have the same content of the components. It is noticeable in Fig. 2a that the area of friction of CM before the test has an uneven surface. There are pronounced prints from the air outlet on the surface of the composite, which is caused by the technological parameters of the forming process. It should also be taking into account that amphoteric oxide of bivalent copper was used as one of the fillers. Complex physicalchemical and physical processes occur when forming such a composition. They include the restoration of surface layers, saturation of metal surfaces with atoms, which are parts of the polymer, additional structure formation of polymer.
At the first stage of running-in of the test specimen, the mechanical contact of the counterbody with the microirregularities of the surface with the initial roughness was observed. Since, as noted above, a relatively low specific load was used when performing the experiment, then for a period of time, at which the parameters of the initial surface roughness of the CM change and the operational roughness is formed, a decreasing of the coefficients of (c) after testing in the lubricant environment friction was observed. The tribotechnical indexes become stable after running-in of the specimen and determination of operational roughness, which is confirmed by the results of the investigation shown in Fig. 1 .
As it is known, the loading of fillers into a polymer matrix leads to the formation of phase heterogeneity in the system, which helps on faster running-in. The simultaneous influence of the properties of the individual components of the composite material is provided, which results in an increase in the total effect due to such interaction. The dispersed particles of the fillers on the surface of the CM were found, analyzing the images after the dry friction test and independently in the lubricant (Fig. 2 b and c) . Solid inclusions are uniformly distributed in the composite and, therefore, take load and then transmit it to the matrix. The matrix is a damper in this case, while reducing the contact pressure on the projections of the friction surfaces. Also, noted the presence of friction tracks on specimens after the test in both cases. According to their visual inspection it can be asserted that the wear rate at testing without lubrication is higher than that of friction in the lubricating environment, which is confirmed experimentally (Table 1) . It should be noted that the actual area of contact at dry friction is bigger than at lubricated friction. However, in both cases, an optimal microrelief of surfaces is created and wear-resistant secondary structures are formed.
Look in more detail the microrelief of the working surfaces when tested in lubrication. The fractograms of the investigated specimens with an increase of ×100 and ×200 times are shown in Fig 3. A marked heterogeneity of the matrix was revealed during the analysis of fractures of the CM after the friction in the lubricant. The inclusion of the fillers is evenly distributed in the friction region of the specimen (Fig. 3 a) . Bright elements (1 in Fig. 3 ), which are obviously dispersed particles of mica, are noticeable in the images of the surface microstructure, with an increase of ×100 times. As it is known from the standard of the manufacturer [21] , mica-muscovite KAl 2 [(OH, F) 2 AlSi 3 O 10 ] has a refractive index of n = 1.58, so it reflects light well. This confirms the influence of the particles of fillers on the process of friction.
There are expressed friction lines (see 2 in Fig. 3 ) in the images of the microstructure of the wear surfaces as a result of the test of antifriction properties of the CM. The depth of the immersion of the furrows is insignificant, so we can state the hardness of the surface layer, which reduces the wear rate of the composite during the testing in the lubricant. Also, the damages of microstructure, which arose as a result of scoring and transfer of material of the matrix (3 in Fig. 3 ), were discovered during the analysis of images. The presence of these surface damages explains the assumption of increasing the friction coefficient at the running-in distance L = 6000-10,000 m when tested in a lubricant environment. This leads to an increase of the surface roughness of the investigated material, which adversely affects the tribological properties of the friction pair.
The next stage of the investigation of the composite, tested in the lubricant, was conducted on a scanning electron microscope (SEM). The use of SEM gives the ability to observe the topography of a solid with an increase and depth of field, which far exceeds the corresponding indices of optical microscopes.
The investigated surface is irradiated by a thin-focused electron beam in a scanning electron microscope, which can be expanded in a raster on the surface of the specimen. Secondary electrons, backscattered electrons, characteristic X-rays, Auger electrons and photons of different energies arise as a result of the interaction of the electron beam with the investigated specimen. They are used to determine the characteristics of the object (elemental composition, topography of the surface, crystalline orientation, etc.).
As it is known, composites are dielectric materials and they are difficult to test using SEM. Absorbed electrons accumulate when an electron probe hits the surface of the dielectric, due to the absence of drain of the charge, which leads to the appearance of charged areas. These charged areas may in irregular way reject the initial beam in the next scan, which results in an error in obtaining the veracious information of the experiment. In addition, the presence of surface charge significantly changes the secondary electron emission. This effect is eliminated by application of the conductive coating on the surface of the Fig. 3 The images of the surfaces of the investigated specimens obtained with a metallographic microscope, with an increase of ×100 and ×200 times after testing in the lubricant environmen specimen, in particular by sputtering gold. The criterion for choosing gold as a material for sputtering is to get the maximum amount of secondary electrons. Based on the consideration of the physical aspects of secondary electrons emission, it was recommended to form a layer with a thickness of 8-10 nm when sputtering, which provides maximum electron emission. The microanalysis was conducted in two ways -spot and scanning along the friction surface along the chosen direction in the range of enlargement of ×50-×500 times.
It should be noted that the higher average atomic number of the element ensures the formation of a greater number of secondary scattering electrons from the specimen. This leads to the formation of a vivid image for such materials, which makes it possible to qualitatively determine the location of elements on the surface of the CM at the first stage of research [22] .
In the analysis of the microstructure of the surfaces of the original specimen (Fig. 4) and CM, which was tested with dry friction (Fig. 5) , it was found that the system is heterogeneous, the dispersed fillers are evenly distributed in the volume of the composite. This confirms the participation of mica particles and CuO in the friction. The processes of wear of the CM were observed on the image of surface of the specimen with dry friction. There are processes of destruction and allocation of material from the surface of the matrix, which arose as a result of seizure and scoring. As to the nature of their distribution, they are not located directly around disperse particles. This makes it possible to assert the effectiveness of the interphase interaction of matrix fillers in the formation of CM and their strong adhesion in accordance with the molecular theory of adhesion. According to this theory, the presence of chemically active, polar or polarizable groups on surfaces should necessary be to ensure a high adhesion strength of the contacting surfaces of the matrix and disperse fillers. At the same time, spherical defects are present in the image of the initial surface of the specimen (Fig. 4) , which are formed during incomplete degassing of the composition during the polymerization.
The analysis of the surface microstructures of the specimens, tested without lubrication (Fig. 5 ) and in the lubrication (Fig. 6 ), allows to affirm that the brightest areas of the microstructure of the surface can be attributed to the element of copper, and the darker ones -to the carbon (corresponding to their atomic numbers).
Analyzing the results of the investigation of the specimen microsurface after testing in the lubricant in magnification ×50-×500 times (Fig. 6) , one can note the following. Mica plates and bivalent copper oxide particles are evenly distributed in the composite, forming a heterogeneous system with a polymer matrix, and take direct part in the friction process. The destruction and isolation of the material from the surface layer of the CM, damage of the investigated contact plane in the form of wide and deep furrows in the direction of slipping were revealed. The spherical craters formed by polymerization of the matrix due to the air insertion, are filled with friction products. The deterioration of the compound decreases (see Fig. 6 d) compared to the surface of the composite material during the test without lubrication (Fig. 5) . The obtained results of the analysis of the microrelief images of the working surface of the specimen in accordance with the chosen conditions are consistent with the nature of Fig. 1 (curve 3, 4) and Table 1 .
Each of the surfaces, forming a friction pair, is formed as a result of the separate contact interaction of the microirregularities of the working pair. Therefore, to determine their nature, a local X-ray spectral analysis of the chemical composition of various spectra of the sections of individual surfaces of the friction of composite was conducted. This investigation can be done as a spot testing in a given point of the friction surface, and in a given direction. As a result, profilograms of planes of the selected parts of the friction surface of the initial specimen and specimen after the test without lubricant in a wide spectrum were obtained (Figs. 7, 8) . The surface of friction of the composite, which was tested in the lubricating environment (see Fig. 9 ), was also studied in a wide spectrum and at given points. The above results as weight and atomic content of the elements are given in the tables (Table 2-4 respectively). To reduce the error of the experiment, the same size of the friction surfaces of the initial specimen, the specimen after the test without lubrication and with the lubricant, which were (320×460) μm, were chosen.
Analyzing the experimental results of the elemental composition of a wide spectrum of the above specimens, it is stated the following. The carbon is characterized by high weight content in all investigated spectra: 73.03 % (Table 2) , 62.88 % (Table 3 ) and 68.22 % (Table 4) . This confirms that carbon is a part of the CM matrix. The oxygen is the following by the weight content: 22.39 %, 20.72 %, and 13.28 % respectively. This indicates the presence of this element, both in the matrix, and in the fillers -in oxide of bivalent copper and in mica-muscovite. This assumption is confirmed by the fact that the copper atom in CuO is surrounded by four oxygen atoms and has a distorted flat configuration, and the chemical compounds SiO 2 , Al 2 O 3 , K 2 O and Fe 2 O 3 are the main components of the micromica. The location of the elements aluminum, silicon and potassium on all three broad spectra of the investigated specimens reflects their presence directly in the area of friction and confirms the participation of the filler of mica in the process of friction. Let us note the presence of iron and copper in the investigated sections of the composites tested in dry friction and with lubricant material. It should also be noted, that there is no copper element on the surface of the initial specimen of CM. It can be Fig. 6 The microstructure of the friction surface of the specimen after testing in a viscous environment (lubricant), obtained by means of a scanning electron microscope in the range of magnification ×50-×500 times stated, that the CuO filler is located in the near-surface layer, and does not enter the frictional contact at the initial stage of the running-in of the material. Accordingly, the iron atoms can simultaneously be a component of Fe 2 O 3 , which is a part of the mica, as was mentioned above, and be the particles of counterbody, transferred to the composite due to the friction. On the surface of the specimen, which was tested in a lubricating environment, the content of gold was observed, which content by the atoms was 0.57 %. Since none of the components of the matrix includes this element and it is not included in the list of "other soluble salts" indicated by the manufacturer of the micromica [21] , it is evident that gold was introduced into the investigated spectrum due to the application of the electroconductive layer on the surface of the composite. The change in the ratio of the atoms, which form part of the composite, was further analyzed in the transition from the data processing of investigation of the initial CM to the analysis of microsurface of the specimens tested in dry friction and lubricating material. The data indicate that each point of the friction region is formed as a result of a separate contact of the particles of CM with the material of the counterbody on the contact surface. This process is accompanied by the transfer of particles of composite as a result of seizure, scoring, wear. This additionally confirms the above mentioned assumptions.
The spectra of the separate structural elements of the surface, which are shown in Fig. 9 , were investigated for a detailed analysis of the composition of the composite material after the test in the lubricant. In addition Fig. 7 The microstructure of the friction surface of the initial specimen Fig. 8 The microstructure of the surface of the specimen, which was tested with dry friction Total 100.00 Fig. 9 The microstructure of the friction surface of the specimen after a test in the lubricant to the above-described broad spectrum covering the entire surface of the study, three more regions of friction (spectra 2-4) were selected. , is between them. Two of six atoms of oxygen of octahedra are replaced by hydroxyl groups (OH) or fluorine, and the packages are bound to a continuous structure through the ions of K + or Na + . At the local X-ray spectral analysis of the chemical composition of the surface to which spectrum 3 corresponds (Table 4) , the following weight content of the chemical elements is determined: carbon -49.76 %, oxygen -12.81 %, copper -37.43%. This indicates that the structural elements of surface of CM are microdispersed particles of bivalent copper oxide. In this case, we can observe a significant content of carbon atoms, which allows asserting the placement of this filler in the surface layer of CM after testing in the lubricant. Spectrum 4 is characterized by the following content of atoms of chemical elements in the weight ratio: carbon -74.49 %, oxygen -24.00 %, aluminum -0.32 %, silicon -0.45 %, and chlorine -0.74 %. This indicates that the selected spectrum corresponds to the matrix of the composite. The insignificant presence of aluminum, silicon and chlorine atoms, which are in the chemical composition of the mica, indicates the transfer of components of the compound due to the individual contact interaction of the microirregularities of the working pair. It should be noted, that the processing of the data of the spectra of the X-ray spectral analysis of the chemical composition of the CM confirms the initial assumption about the location of the elements on the specimen surface, in accordance with the color of the elements of this surface.
To confirm the results of the investigation, obtained by processing the data of the microstructure and chemical composition of the tested surface of the specimen of CM, which was tested in the lubricant, an energy dispersive X-ray analysis of the friction surface of CM was performed (Fig. 10) .
The investigated specimen was irradiated with high-energy electrons (1 -20 keV), resulting the appearance of the emission of X-rays from its surface. The X-ray generation is the result of an inelastic interaction between electrons and specimen. According to the results of the energy-dispersive X-ray analysis, the following can be noted. The qualitative structure of the elements on the spectra corresponds to the quantitative structure of these chemical elements given in Table. 4. The nature of the placement of elements with repetition indicates the absence of modular pollution, and therefore, the veracity of the experiment. Taking into account, that the 90 % of groundmasses of photons are in a layer with thickness up to 3 microns, it can be asserted that both fillers are located in the surface layer of CM and are directly involved in the friction process. Obviously, the above-mentioned results of the investigation of the surface microstructure and its elemental composition do not fully reflect the position of the elements on the area of CM. For the analysis of the placement of a particular element on the surface, the analysis of the specimens was also conducted in phase contrast mode, when not secondary electrons are recorded, but backscattered electrons (Fig. 11) . The images were generated by converting the number of X-ray photons of a specific energy, detected at each point, into the brightness value for the pixel on the screen or into a digital image with a unique color for each element.
Analyzing the obtained results of the chemical elements distribution on the surface of specimen of CM, we can state the following. The distribution of elements such as oxygen, aluminum, silicon and potassium coincides with the placement of mica particles on the image of composite microstructure. The distribution of the copper element reflects the placement of disperse filler's particles CuO. This confirms the previous conclusions about the evenly location of mica and CuO particles in a compound and their participation in the friction process. It should also be noted that on the distribution map, the element iron is evenly located on the surface of CM. Firstly, this also confirms the location of the mica particles evenly throughout the friction surface, and secondly, it confirms the presence of counterbody on the friction surface.
So, the results of the analysis of the friction surface of CM in the mode of phase contrast are fully confirmed by previous investigations.
The data processing of the experiment showed that the tribological properties are influenced by the degree of surface roughness, adhesion in friction, seizure, scoring, the Fig. 10 The spectra of the energy of the energy dispersive X-ray analysis of the surface of the specimen after a test in the lubricant Fig. 11 The distribution of elements on the surface of the composite, which was tested in the lubricant transfer of counterbody particles on the composite, the presence and placement of antifriction fillers, heat removal from the friction region, composition of the material, technology of its obtaining and test conditions. As a result of the X-ray spectral analysis of the chemical composition of the friction surface of the CM, the content of the elements and the location of disperse fillers on the surface layer of the composite material was explained.
Conclusions
The tribological properties of antifriction materials based on a compound with two disperse fillers: mica and CuO, were investigated. Analyzing the obtained results of the test of developed CM with dry friction and in the lubricating environment, one can note the following.
It is determined, that the friction coefficient depends on the composition of the composite, the technology of its obtaining and the conditions of the testing. It is proved, that the contact temperature in the contact area during the friction in the lubricant remains stable and is T = 293-295 K. The material, tested in lubrication, differs with the low indexes of wear rate and friction coefficient -I m = 0.25-0.30 mg/km, f = 0.03-0.04. The running-in distance under these conditions is L = 1500-2000 m. This is due to the fact that there is an increase of the strength of CM, when inserting disperse fillers. This, in its turn, helps to reduce the coefficient of friction and increase the wear resistance of CM.
As a result of the study of the friction surface of CM by optical microscopy method, data obtained at the first stage of the experiment was confirmed. It was determined, that the increase of friction coefficient in the path of running-in L = 6000-10,000 m is the result of the adhesion in friction and transfer of material of CM. It was stated, that the wear resistance of the composite ingredients, the degree of surface roughness, adhesion in friction, seizure, scoring, the presence and placement of antifriction fillers influence on the tribological properties. The phase heterogeneity of the CM system has been detected, which contributes to faster running-in of the specimen. It is confirmed that the wear rate at dry friction is higher than with the lubricant. It was analyzed, that the particles of the filler are evenly located on the friction surface, and it can be asserted, that they are directly involved in the friction contact.
Using the method of scanning electron microscopy, an analysis of the microstructure of friction surface was conducted and the elemental composition was determined. According to the results of the study it was determined, that the spectrum 2 is characterized by the following weight content of the main elements: carbon -19.80 %, oxygen -29.79 %, aluminum -14.88 %, silicon -21.35 %, and potassium -9.63 % of total composition with an insignificant content of sodium and iron. This indicates the placement of mica particles in the composite. Spectrum 3 corresponds to the next weight content of chemical elements: carbon -49.76 %, oxygen -12.81 %, copper -37.43 %. The presence of these atoms identifies the structural elements of the surface of CM, identical to those selected, as the microdispersed particles of oxide of bivalent copper. It was found that copper (II) oxide is located in the near-surface layer, and does not enter the friction process at the initial stage of the running-in of material. Spectrum 4 differs by the following content of chemical elements at a weight ratio: carbon (74.49 %), oxygen (24.00 %), aluminum (0.32 %), silicon (0.45 %) and chlorine (0.74 %). This indicates that the selected spectrum corresponds to the matrix of the composite with small particles of the transferred material. It is confirmed that the system is heterogeneous, dispersed fillers are evenly distributed in the volume of the matrix. The existing processes of destruction and separation of material from the surface of CM are not placed directly around the dispersed particles, indicating their strong bonding with the macromolecules of the matrix in accordance with the molecular theory of adhesion. It is determined, that each of the investigated friction surfaces is formed due to the separate contact interaction of the microirregularities of the working pair, which is confirmed by a change in the ratio of atoms on the surface before and after the test, and with the presence of iron particles (0.71 %).
The results of the X-ray spectral analysis of the chemical composition of the CM confirm the initial assumption about the location of the elements on the specimen surface, in accordance with the color of the microrelief objects. It is confirmed, that the qualitative composition of the spectra corresponds to quantitative analysis of chemical elements. The data of the experiments is also confirmed by investigation of the surface in the mode of phase contrast. The distribution of such elements as oxygen, aluminum, silicon and potassium coincides with the placement of particles of the micromica filler on the picture of microstructure of the friction surface of the specimen. The image of the copper element reflects the placement of disperse particles of the CuO filler.
